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INTRODUCTION
Rabies virus (RABV) is the prototypical member of the zoonotic lyssavirus genus 18 responsible for fatal encephalitis in animals and humans. A single-stranded negative sense RNA 9 Uncoating assay. Confluent BS-C-1 cells seeded onto 12mm coverslips were exposed for 15min 141 to DMEM containing 5µg ml -1 cycloheximide (CHX) alone or with an entry inhibitor as 142 indicated. Cells were then inoculated with rVSV RABV G at MOI=1000. Following 1h 143 incubation at 37°C, unabsorbed virus was removed by washing with fresh media. Treatment 144 media was replaced, and cells were incubated for 2h at 37°C. Note, CHX and the indicated entry 145 inhibitors were maintained on cells throughout the inoculation, as well as during the subsequent 146 2h incubation. Cells were washed with PBS and fixed with 4% PFA for 15min. Following 147 permeabilization with 0.1% Triton-X, cells were exposed to mouse 23H12 anti-M antibody (gift 148 of D. Lyles) (24, 25), and 1:3000 propidium iodide (PI; Sigma-Aldrich, St. Louis, MO) and an 149 AF488-labeled goat anti-mouse secondary antibody. Coverslips were mounted onto slides using 150 ProLong Gold Antifade mounting media (Molecular Probes). Z-stacks were collected at 0.3µm 151 intervals. Images were analyzed and processed using ImageJ (http://imagej.nih.gov/ij/), 152 maintaining contrast adjustments constant for the AF488-conjugated secondary antibody signal. Transferrin uptake. For cytofluorimetry experiments, BS-C-1 cells were seeded into 24-well 155 plates to be confluent next day. For fixed confocal microscopy, BS-C-1 cells were seeded onto 156 12mm coverslips to be 50% confluent next day for ease of imaging. BS-C-1 cells were pre-10 Fixed cell imaging. Slides were imaged using a Mariana TM system (Intelligent Imaging 164 Innovations, 3I) based on a Zeiss observer microscope (Carl Zeiss MicroImaging, Thornwood, 165 NY) outfitted with a CSU-22 spinning disk confocal unit (Yokogawa Electric Corporation, 166 Tokyo, Japan) and a 40X (Plan-Neofluar, NA 1.3; Carl Zeiss MicroImaging) or 63X objective Live cell imaging. Live single particle tracking on AP2-eGFP expressing BS-C-1 cells was 176 conducted as described collecting images at 3s intervals over a duration of 10min per cell (11 surrogates to study the uptake pathways of those viruses (18, 19, 26) under biosafety level 2 200 conditions. We adapted such a strategy to permit the study of RABV infection by replacing VSV 201 G with that of RABV SAD B19 (rVSV RABV G; Figure 1A added prior to or 2h following inoculation with virus ( Figure 2A ). As controls, we monitored the 221 impact of those inhibitors on infection by rVSV eGFP, a virus that depends upon clathrin-222 dependent endocytosis and endosome acidification, and a recombinant VSV expressing the 223 Ebola virus glycoprotein (rVSV EboV GP) which requires macropinocytic uptake ( Figure 2D ).
224
For each virus, infection was measured by expression of eGFP detected by fluorescence 225 microscopy ( Figure 2B , C) or cytofluorimetry ( Figure 2D ).
226
rRABV ΔG infection was blocked by addition of BAF A1 or dynasore prior to 227 inoculation, whereas EIPA had no effect. None of the inhibitors had a significant effect 
258
To confirm that dynasore prevents particle internalization at the plasma membrane, we 259 inoculated cells with AlexaFluor-labeled virions for 30min and, following fixation, we exposed 260 cells to an antibody directed against RABV G in the absence of membrane permeabilization 261 ( Figure 4A ). This approach results in dual-labeled surface-bound particles and permits their 262 discrimination from single-labeled internalized particles. Following 30min of inoculation, 263 approximately half of cell-associated particles were internal and single-labeled, resulting in a 264 42% colocalization of the AlexaFluor signal with the anti-RABV G stain ( Figure 3B ). Internal 265 particles were distributed between the perinuclear region and cellular periphery. In the presence 266 of BAF A1, rVSV RABV G particles were internalized into endocytic compartments resulting in 267 similar percentage colocalization (44%) as untreated controls ( Figure 4C ). By contrast, treatment 268 of cells with dynasore resulted in the accumulation of dual-labeled particles distributed evenly on 269 the cell surface ( Figure 4D , 78% colocalization). Those particles remained at the plasma 270 membrane as detected by WGA staining (Figure 4D , z cross-section). We conclude that 271 inhibition of dynamin-dependent processes prevents rVSV RABV G uptake at the cell surface. Previously, we demonstrated that the clathrin-coated structures that internalize VSV take 282 longer to form than pits lacking virus; they also lack the expected content of clathrin and its 283 adaptor molecule AP2 (11). To investigate whether pits internalizing rVSV RABV G share 284 similar properties, we monitored the internalization of single viral particles into BS-C-1 cells 285 stably expressing fluorescently-tagged AP2 (11, 12) . We analyzed particles that display the 286 following properties: 1) docking of the particle on the cell surface; 2) a period of surface 287 association with the cell membrane characterized by limited motility and potential association 288 with AP2; and, finally, 3) sustained, rapid, directed movement towards the perinuclear region. A 289 representative internalization event shows docking and a period of short-range, low speed 290 movement at the cell surface, followed by a steady increase of AP2 ( Figure 6A , C). After 291 reaching peak intensity, the AP2 signal abruptly disappears and the virus moves rapidly towards 292 the perinuclear region ( Figure 6A , C, and Movie S1). This loss of AP2 signal is indicative of 293 uncoating of clathrin following scission of the coated pit from the plasma membrane (32). We 294 found that the majority (76%) of rVSV RABV G particles are seen within AP2 containing 295 structures during entry ( Figure 6A ). The remaining particles internalized in the absence of a 296 detectable AP2 signal ( Figure 6B , D; Movie S2).
297
To compare internalization of rVSV RABV G to the related rhabdovirus, VSV, we 298 measured the following parameters: maximum AP2 intensity and duration relative to empty pits 299 ( Figure 6E ), and the time from docking to a cell to association with AP2 relative to WT VSV 300 ( Figure 6F ). rVSV RABV G internalizing pits recruit on average 1.7-times more AP2 than their 301 empty counterparts (median value, n=66; Figure 6E ). In addition, the duration of AP2 302 recruitment was approximately 1.8-times that of a pit lacking virus. These changes mirror those 303 previously measured for the internalization of WT VSV into pits (11, 12) . We also found that the 304 time to capture of rVSV RABV G particles by coated pits was indistinguishable from that of 305 VSV ( Figure 6F) . Collectively, the fixed and live cell imaging data support that RABV particles 306 internalize into incompletely clathrin-coated pits of similar structure and lifetime as those that 307 internalize VSV. Actin-dependence of RABV entry. We found previously that VSV also internalizes through 310 partially coated clathrin pits which depend on actin to complete uptake (11). We therefore 311 examined whether RABV entry is also actin-dependent. Using the actin depolymerizing drug 312 latrunculin B (LatB), we disrupted formation of actin structures and monitored the effect on 313 rVSV RABV G infection by cytofluorimetry ( Figure 7A ). Inhibition of actin polymerization 314 prior to addition of virus resulted in a 62% reduction in rVSV RABV G infection, similar to that 315 observed for VSV ( Figure 7A ). Treatment of cells with LatB at 2h post inoculation had a 316 marginal effect on infection of both viruses, confirming that the requirement for actin is specific 317 to entry ( Figure 7A ). Inhibition of uptake was also observed for the single cycle rabies virus, 318 rRABV ΔG ( Figure 7B and C) . Consistent with an entry block, viral particles fail to internalize 319 and remain surface-bound on cells pretreated with LatB ( Figure 7D ). Previous work 320 demonstrated that disruption of actin polymerization does not block coated pit formation or alter 321 the kinetics of internalization in BS-C-1 cells (11, 33) . Accordingly, depolymerization of actin 322 had a negligible effect on transferrin accumulation as detected by cytofluorimetry ( Figure 7A ) 323 and confocal microscopy (data not shown). Live cell imaging of clathrin pits also confirmed that 324 formation and kinetics of coated pits are largely unchanged in the presence of LatB (Movie S3).
325
These data demonstrate a requirement for actin polymerization during the internalization of VSV 326 and RABV that is not shared by pits that lack virus particles. 327 We next visualized the association of actin with clathrin coated pits during rVSV RABV In this study, we used a combination of infectivity-based and single particle tracking 340 approaches to examine how RABV productively enters epithelial cells. We employed a single 341 cycle rabies virus, rRABV ΔG, and a recombinant VSV in which the endogenous glycoprotein 342 was replaced with that of RABV. We showed that rVSV RABV G mimics uptake of rRABV ΔG 343 demonstrating its usefulness as a surrogate for studying RABV entry. We present evidence that 344 RABV internalization into BS-C-1 fibroblasts is primarily clathrin-mediated. Furthermore,
345
RABV uptake proceeds through partially-coated clathrin pits which require actin for completion 346 of envelopment, a mechanism shared for the internalization of the related rhabdovirus, VSV. clathrin. This work therefore characterizes the clathrin-dependent process of RABV uptake at the 351 plasma membrane and reveals commonalities with internalization of VSV into epithelial cells.
352
These results also further support our prior finding that the length of a rhabdovirus particle 353 increases the lifetime of the coated pit and necessitates the involvement of the actin machinery 354 for coated pit internalization. and retains the characteristic bullet shape. Furthermore, its biological behavior during the entry 361 stages of infection is identical to a "single cycle" RABV. Therefore, rVSV RABV G is 362 functionally indistinguishable from an authentic RABV particle and can be used as surrogate to 363 study viral uptake. that block actin polymerization. The related rhabdovirus, VSV, also internalizes via partially-372 coated clathrin pits and requires actin polymerization (11, 12) . Those pits are indistinct in their 373 appearance by EM and live cell imaging, and uptake of virus follows similar kinetics. Those 374 studies also showed that the partially coated pit and requirement for actin during viral 375 internalization depend upon the size of the particle, as truncated VSV particles enter through 376 fully coated pits and do not require actin polymerization (12). While we did not examine whether 377 truncated RABV particles are taken up through fully clathrin coated pits and bypass the need for 378 actin polymerization we would predict this to be the case. The fact that both VSV and RABV 379 particles of similar dimensions internalize through similar coated pits lends further support to 380 this prediction.
381
Recent studies show that the structural adaptability of clathrin-coated pits is an intrinsic 382 property of the host machinery. Supporting this view, the actin dependence of clathrin-mediated 383 endocytosis is induced by artificially tensing the plasma membrane either by exposing cells to 384 hypo-osmotic media or by mechanical stretching of the plasma membrane (34). In conditions of 385 elevated membrane tension, actin is required to provide sufficient force to counteract membrane 386 resistance and constrict the neck of nascent coated-pits prior to the final recruitment of dynamin.
387
The incoming viral particle, which represents a physical obstacle to pit constriction, may lead to 388 the recruitment of actin by inducing membrane tension (11, 12, 34) . Therefore, the presence of 389 VSV or RABV G on the surface of the viral particle does not impact the formation of the clathrin 390 coated pit.
392
Commonalities in the uptake of two distinct rhabdoviruses. Despite employing the same 393 endocytic pathway, viruses internalized by clathrin-mediated endocytosis display different 394 behaviors when associating with coated pits. Lateral diffusion into preformed pits has been 395 reported for parvovirus and dengue virus entry (10, 15) . In contrast, VSV and influenza A virus 396 do not exhibit such properties and are internalized by pits that form at or in close proximity to 397 viral particles (11, 14) . The kinetics of uptake also vary since parvovirus capture is very rapid 398 (<20s) (10), whereas dengue virus remains surface-bound for several minutes prior to capture 399 (15). For VSV and influenza A, the interval between binding and detection of a virus-associated 400 clathrin signal is in the range of minutes (11, 14) .
401
Like VSV, RABV particles rarely associate with pre-existing pits, and show no VSV engage the clathrin machinery with similar kinetics, we do not think it likely that this 413 reflects the use of a shared cell surface attachment molecule. Whether the engagement of distinct 414 receptor molecules can impact the kinetics with which a given particle associates with the 415 clathrin machinery remains to be determined. Infection was also unaffected by ganglioside depletion by neuraminidase treatment (data not 426 shown). Consequently, the means by which RABV attaches to these cells is uncertain.
427
Nevertheless, our observation of a primarily clathrin-mediated entry mechanism for RABV is 428 consistent with previous EM studies in non-neuronal fibroblasts (9). We also observed, however, 429 the AP2-independent uptake of a minor proportion (24%) of RABV particles. We do not know 430 the entry route for those internalization event(s), but our pharmacological studies show that such 431 events are unlikely to reflect a macropinocytic uptake. how engagement of specific receptors by RABV G can influence the mechanism and kinetics of 442 particle internalization. is shown as diffuse green in the cytoplasm. BS-C-1 cells were inoculated with virus (MOI=0.5), 600 and assayed for infection by detection of the eGFP reporter gene either by autoscope microscopy 601 or cytofluorimetry at the collection point (25hpi for rRABV ΔG, 4-6hpi for rVSV RABV G).
